Aberrant expression of long noncoding RNAs has recently been reported in tumorigenesis and plays a pivotal role in regulating malignant behavior of cancers. In this study, we confirmed that the long noncoding RNAs human histocompatibility leukocyte antigen (HLA) complex P5 (HCP5) was up-regulated in glioma tissues as well as in U87 and U251 cells. Knockdown of HCP5 inhibited the malignant biological behavior of glioma cells by reducing proliferation, migration and invasion, and inducing apoptosis. HCP5 regulated the malignant behavior of glioma cells by binding to microRNA-139, which functions as a tumor suppressor. Moreover, knockdown of HCP5 down-regulated Runt-related transcription factor 1, a direct and functional downstream target of microRNA-139 that is involved in microRNA-139-mediated tumor-suppressive effects in glioma cells. Runt-related transcription factor 1 increased promoter activities and upregulated expression of the oncogenic gene astrocyte elevated gene-1 (AEG-1). Runt-related transcription factor 1 also increased the promoter activities and expression of HCP5, which showed a positive feedback loop in regulating the malignant behavior of glioma cells. In conclusion, this study demonstrated that the HCP5-microRNA-139-Runt-related transcription factor 1 feedback loop plays a pivotal role in regulating the malignant behavior of glioma cells, which may provide a potential therapeutic strategy for treating glioma.
INTRODUCTION
Glioblastoma multiforme (GBM), which accounts for 10-15% of all intracranial tumors, is the most common and aggressive brain tumor in the central nervous system. 1 Due to the highly invasive nature and insensitivity to radiotherapy or chemotherapy, the prognosis for patients with GBM is poor, with a median survival of 14 months only. 2 Recent accumulated evidence has shown that noncoding RNAs (ncRNAs) play an important role in tumorigenesis and progression, 3, 4 which may provide a new strategy for GBM treatment. Based on transcript size, ncRNAs can be divided into two categories: long noncoding RNAs (lncRNAs) and small ncRNAs. LncRNAs are defined as RNA molecules longer than 200 nucleotides that are not translated into proteins. 5 Aberrant lncRNA expression was recently found to be associated with gliomas. Several lncRNAs, such as CASC2, TUG1, and XIST, were found to be dysregulated in gliomas and are considered new therapeutic targets. [6] [7] [8] LncRNA histocompatibility leukocyte antigen (HLA) complex P5 (HCP5) is expressed primarily in immune system cells, such as the spleen, blood, and thymus, which is consistent with a potential role in autoimmunity. 9 A recent study reported that HCP5 showed aberrant expression in human cancers. HCP5 was significantly down-regulated in patients with ovarian cancer, 10 but was considered a susceptibility locus for HCV-associated hepatocellular carcinoma. 11 However, a possible functional role of HCP5 in glioma remains elusive.
MicroRNAs (miRNAs) belong to a class of endogenous, small ncRNAs that regulate gene expression at a post-transcriptional level. By binding to the 3′-untranslated region (3′-UTR) of target messenger RNAs, miRNAs inhibit translation or promote degradation of target messenger RNAs. 12 MiRNA involvement in the malignancy process has been reported in various cancers, 13 including gliomas. 14 MiR-139, which has putative binding sites with HCP5 as predicted by Starbase (http://starbase.sysu.edu.cn/), was first studied in neurodegenerative diseases. 15 Recent research has shown that miR-139 expression was significantly decreased in several tumor types, including hepatocellular carcinoma, colorectal cancer, and breast cancer, [16] [17] [18] and functions as a tumor suppressor. However, little is known about the potential role of miR-139 in human gliomas.
Runt-related transcription factor 1(RUNX1), also known as acute myeloid leukemia 1 protein, is essential for generation of hematopoietic stem cells and is one of the most frequently mutated genes involved in human leukemia. 19, 20 Using the miRNA target prediction software Target Scan (http://www.targetscan.org/), we identified RUNX1 as a presumed target of miR-139. Recent research identified RUNX1 as a key regulator of tumorigenesis in various epithelial cancers. 21, 22 However, the role of RUNX1 in human glioma cells remains unclear.
The major aim of this study was to investigate the expression of HCP5, miR-139, and RUNX1 in glioma tissues and cell lines. Roles in regulating the malignant behavior of glioma cells and interactions among HCP5, miR-139, and RUNX1 were also explored.
RESULTS

Knockdown of HCP5 inhibited malignant behaviors of glioma cells
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to evaluate HCP5 expression levels in normal brain tissues (NBTs), grade I-II, grade III, and grade IV glioma tissues, as well as in normal human astrocytes (NHAs) and U87 and U251 cell lines. HCP5 expression was positively correlated with the pathological grade of glioma tissues (Figure 1a) and was significantly up-regulated in U87 and U251 cell lines compared with the NHA group (Figure 1b) .
Stable HCP5 silenced constructs were used to assess the functional role of HCP5 in U87 and U251 cells. As shown in Figure 1c , the Cell Counting Kit-8 (CCK8) assay revealed that proliferation of U87 and U251 cells was decreased in the HCP5 (−) group compared with the HCP5(−)negative control (NC) group. A similar trend was observed in a transwell assay (Figure 1d) , which showed that migration and invasion of glioma cells were inhibited in the HCP5(−) group compared with the HCP5(−)NC group. Figure 1e showed that apoptosis rates were higher in the HCP5(−) groups compared with HCP5(−)NC groups. These data suggest that knockdown of HCP5 exerts tumor-suppressive effects in human glioma cells.
HCP5 bound to miR-139 and down-regulated its expression
A possible miRNA binding site for HCP5 was predicted by bioinformatic databases (http://starbase.sysu.edu.cn/). To verify whether miR-139 was binding with and regulated by HCP5, miR-139 expression was detected in glioma U87 and U251 cell lines with HCP5 knockdown. Figure 2a showed that knockdown of HCP5 increased miR-139 expression. We next cloned reporter plasmids containing the predicted miR-139 binding site (HCP5-Wt and HCP5-Mut) and used a dual-luciferase reporter assay to investigate whether the miR-139 binding site within HCP5 was functional. As shown in Figure 2b , cotransfection of MiR-139-5p agonist (agomir-139) and HCP5-Wt significantly decreased luciferase activity, while cotransfection of negative control of agomir (agomir-139NC) and HCP5-Wt did not change the luciferase activity. Similarly, cotransfection of agomir-139 and HCP5-Mut did not change the luciferase activity. These data suggest that the miR-139 binding site within HCP5 is functional. Moreover, we used a biotin-avidin pull-down system to investigate whether miR-139 could pull down HCP5. As shown in Figure 2c , HCP5 was pulled down by miR-139, but the miR-139 mutation group was unable to pull down HCP5, meaning that recognition between HCP5 and miR-139 was specific. We also used an inverse pull-down assay to investigate whether HCP5 could pull down miR-139 using a biotin-labeled specific HCP5 probe (Figure 2d) . The minimum free energy of the interaction between HCP5 and miR-139 was calculated using an in silico method (see Supplementary  Figure S1 ). In addition, miR-139 expression was detected by PCR. The results indicate that miR-139 was down-regulated in glioma tissues and cell lines compared with NBTs and NHAs, respectively (Figure 2e,f) .
MiR-139 acted as a tumor suppressor in glioma cell lines
To further evaluate the biological role of miR-139 in gliomas, agomir-139, and miR-139-5p antagonist (antagomir-139) were transfected into human glioma U87 and U251 cells, respectively. Compared with the agomir-139 NC group, overexpression of miR-139 resulted in a significant decrease in cell proliferation, migration, invasion, and induced apoptosis of U87 and U251 cells, while miR-139 inhibition promoted cell proliferation, migration and invasion, and inhibited cell apoptosis (Figure 3a,b,c) . These data suggest that miR-139 acts as a tumor suppressor in glioma cell lines.
MiR-139 inhibited RUNX1 expression by targeting the 3′-UTR
Using Target Scan (http://www.targetscan.org/) to predict the conserved targets of miR-139, we found that the 3′UTR of RUNX1 contains a putative binding site (Tables 1 and 2) . We then assessed whether miR-139 could negatively regulate RUNX1 using Western blot. As shown in Figure 4a , RUNX1 protein expression was decreased in the agomir-139 group, but was increased in the antagomir-139 group.
Subsequently, we cloned reporter plasmids containing the widetype 3′-UTR of RUNX1 (RUNX1-3′-UTR-Wt) to verify whether RUNX1 was a functional target of miR-139. As shown in Figure 4b , cotransfection of agomir-139 and RUNX1-3′-UTR-Wt significantly decreased luciferase activity, while cotransfection of agomir-139 NC and RUNX1-3′-UTR-Wt did not have an effect. Cotransfection of agomir-139 and RUNX1-3′-UTR-Mut did not change the luciferase activity. These findings indicate that miR-139 binds directly to RUNX1 through its predicted binding site and down-regulates RUNX1 expression. We also assessed the messenger RNA expression of RUNX1 in glioma tissue and cell lines. Compared with normal brain tissues and NHA, significant up-regulation of RUNX1 was observed in glioma tissues and cell lines, respectively (Figure 4c,d) . Moreover, RUNX1 protein expression was correlated with the pathological grade of glioma tissues (Figure 4e ).
RUNX1 acted as an oncogene in glioma cell lines
We explored the possible functional role of RUNX1 in glioma cells. As shown in Figure 5a , the CCK8 assay revealed that proliferation of U87 and U251 cells was increased in the RUNX1(+) group compared with the RUNX1(+)NC group, and was decreased in the RUNX1(−) group compared with the RUNX1(−) NC group. As shown in Figure 5b , the number of cells involved in migration and invasion was significantly increased in the RUNX1(+) group compared with the RUNX1(+)NC group. However, opposite effects were observed in the RUNX1(−) group. As shown in Figure 5c , up-regulated RUNX1 significantly inhibited apoptosis in both U87 and U251 cells compared with the NC group. RUNX1 down-regulation led to opposite effects. These results indicate that RUNX1 functions as an oncogene in human glioma cell lines.
HCP5 knockdown suppressed RUNX1 expression by targeting miR-139
The effects of cotransfected HCP5 and miR-139 on U87 and U251 cells were assessed. HCP5 knockdown with miR-139 overexpression enhanced the tumor suppressive effect caused by HCP5 knockdown alone, while HCP5 knockdown with miR-139 inhibition partially rescued HCP5 knockdown-mediated reduction of proliferation, migration and invasion, and decreased apoptosis (Figure 6a,b,c) . These results indicate that the effects of HCP5 knockdown in glioma cells depend specifically on miR-139 overexpression. We next assessed whether knockdown of HCP5 inhibits RUNX1 expression by up-regulating miR-139. As shown in Figure 6d , HCP5 knockdown significantly down regulated RUNX1 protein expressions. Moreover, HCP5 knockdown with miR-139 overexpression enhanced the RUNX1 suppression effect caused by HCP5 knockdown alone, while HCP5 knockdown with miR-139 inhibition rescued RUNX1 expression, suggesting that HCP5 knockdown inhibits RUNX1 expression by up-regulating miR-139.
RUNX1 promoted expression and bound to AEG-1 promoters
The astrocyte elevated gene-1 (AEG-1) was identified as a direct downstream target of RUNX1 by bioinformatic databases (TFSEARCH). As shown in Figure 7a , AEG-1 expression was increased in the RUNX1 (+) group, but was decreased in the RUNX1 (−) group compared with the NC group.
To determine whether RUNX1 might be binding to the AEG-1 promoter, luciferase assays were conducted. The transcription The expression of RUNX1 in normal brain tissues (NBTs), Grade I-II glioma tissues, Grade III and Grade IV glioma tissues. Error bars represent as the mean ± SD (n = 5, each group). ***P < 0.001, **P < 0.01, ▲▲▲ P < 0.001, ▲▲ P < 0.01, # P < 0.05. (d) RUNX1 expression in human normal astrocytes and glioblastoma multiforme (GBM) cell lines (U87 and U251). Error bars represent as the mean ± SD (n = 5, each group). ***P < 0.001. (e) The protein expression of RUNX1 in human glioma tissues. Error bars represent as the mean ± SD (n = 5, each group). ***P < 0.001, **P < 0.01, ▲▲▲ P < 0.001, ▲▲ P < 0.01, # P < 0.05. assays were performed. As a negative control, PCR was conducted to amplify the 1,000 bp upstream region of the putative RUNX1 binding site, which was not expected to associate with RUNX1.
There was an interaction between RUNX1 and the AEG-1 putative binding sites. There was no interaction between RUNX1 and the control region (Figure 7c) .
RUNX1 mediated the tumor-suppressive effects of miR-139 in glioma cell lines
To verify whether RUNX1 is involved in regulating the influence of miR-139 on malignant behavior of glioma cells, cotransfection of miR-139 and RUNX1 was conducted to assess cell proliferation, migration, invasion, and apoptosis. Compared with the control group, proliferation, migration and invasion of glioma cells were decreased in the agomir-139&RUNX1(−) group, but were increased in the antagomir-139&RUNX1(+) group. Proliferation, migration and invasion of glioma cells were decreased in the agomir-139&RUNX1(−) and antagomir-139&RUNX1(−) groups compared with the agomir-139&RUNX1(+) and antagomir-139&RUNX1(+) groups, respectively (Figure 8a,b) . Moreover, cell apoptosis was increased in the agomir-139&RUNX1(−) group compared with the agomir-139&RUNX1(+) group, and was decreased in the antagomir-139&RUNX1(+) group compared with the antagomir-139&RUNX1(−) group (Figure 8c) . These data suggest that miR-139 inhibits the malignant behavior of glioma cells by down-regulating RUNX1.
Western blot was used to clarify whether miR-139 inhibited AEG-1 expression by down-regulating RUNX1. Compared with the NC group, AEG-1 expression was decreased in the agomir-139 group, but was increased in the antagomir-139 group (Figure 8d) . Compared with the agomir-139 group, AEG-1 expression was significantly increased in the agomir-139&RUNX1(+) group. Compared with the antagomir-139 group, AEG-1 expression was significantly decreased in the antagomir-139&RUNX1(−) group. These results indicate that miR-139 may inhibit AEG-1 expression by down-regulating RUNX1.
RUNX1 feedback promoted HCP5 expression by binding to HCP5 promoters
We identified a putative RUNX1 binding site within the promoter region of HCP5 using bioinformatic databases (TFSEARCH). As shown in Figure 9a , HCP5 expression was increased in the RUNX1(+) group compared with the NC group, whereas expression was decreased in the RUNX1(−) group.
Luciferase assays were conducted to assess whether RUNX1 might be binding to the HCP5 promoter. A putative RUNX1 binding site at the -97 position in HCP5 was confirmed. As shown in (Figure 10a-c) . Tumors in the HCP5(−)&miR-139(+) group had the lowest volume and weight compared to the other groups (Figure 10c,d) . Moreover, mice in the HCP5(−)&miR-139(+) group had the longest survival time (Figure 10e ).
HCP5(−)&miR-139(+) groups had smaller tumors compared with the HCP5(−)NC+miR-139(+) NC group
DISCUSSION
In this study, we demonstrated that expression of the lncRNA HCP5 was increased in glioma tissues and cell lines. Knockdown of HCP5 inhibited proliferation, cell migration and invasion, and promoted apoptosis in glioma cells. HCP5 regulated the malignant behavior of glioma cells by binding to miR-139, which functioned as a tumor suppressor in glioma cells. HCP5 knockdown also down-regulated the transcription factor RUNX1. We confirmed that RUNX1 is involved in miR-139-mediated inhibition of malignant biological properties in glioma cells. RUNX1 up-regulated the activities of and interacted with AEG-1 promoters. In addition, RUNX1 also influenced HCP5 expression, creating a positivefeedback loop. In vivo studies showed that HCP5 knockdown combined with miR-139 overexpression produced the smallest tumor and resulted in the longest survival time in nude mice.
Recently accumulated evidence has shown that lncRNAs play an important role in tumorigenesis, progression, and metastasis. [23] [24] [25] Understanding the molecular mechanisms of lncRNAs in glioma cells may provide new therapeutic strategies for treating GBM. The function of HCP5, located on chromosome 6p21.3, is not well understood in humans. HCP5 was found to be frequently down-regulated in human ovarian cancer, 10 while another study indicated that HCP5 was a susceptibility locus for HCV-associated hepatocellular carcinoma. 11 Our results suggested that HCP5 expression was positively correlated with histopathological grade in human glioma tissues, and was much higher in U87 and U251 cells than in NHAs. Furthermore, knockdown of HCP5 inhibited cell proliferation, migration and invasion, and promoted apoptosis in U87 and U251 cells. These To explore the mechanisms of glioma suppression mediated by HCP5 knockdown, we identified miR-139 as a novel target of HCP5. MiR-139 is consistently reported to be down-regulated in various human cancers and plays a crucial role in tumor suppression. MiR-139 inhibits the proliferation and metastasis of laryngeal squamous carcinoma cells by targeting chemokine receptor 4. 26 Restored expression of miR-139 significantly promoted cell apoptosis by reducing Jun expression in gastric cancer cells. 27 Overexpression of miR-139 inhibits invasion and metastasis of colorectal cancer cells via binding with type I insulin-like growth factor receptor. 28 This study indicated that miR-139 was expressed at low levels in glioma tissues and cell lines compared with NBTs and NHAs, respectively. Furthermore, miR-139 functioned as a tumor suppressor in glioma cells by inhibiting proliferation, migration and invasion, as well as promoting apoptosis. Consistent with our results, a recent report demonstrated that miR-139 sensitized human glioma cells to temozolomide-induced apoptosis. 29 Another study showed that miR-139 suppressed GBM U87 and U172 cell migration and invasion partly by targeting ZEB1 and ZEB2. 30 Our results revealed the significance of the interaction between HCP5 and miR-139 in tumorigenesis given that HCP5 knockdown inhibited the malignant behavior of glioma cells by up-regulating miR-139.
Recent studies have highlighted the importance of RUNX1 in solid tumors, with functions as either a tumor promoter or suppressor. RUNX1 also appears to have growth-promoting roles in several epithelial tumors, such as squamous cell carcinomas. 21 Knockdown of RUNX1 in epithelial ovarian cancer cells led to a sharp decrease in cell proliferation, migration and invasion, and induced G1 cell cycle arrest.
22 RUNX1 is overexpressed in human neurofibroma initiation cells and contributes to neurofibromatosis type 1 formation. 31 Therapies targeting RUNX1 through modulation of its posttranslational modifications are considered potential strategies for cancer treatment. 32 In this study, RUNX1 expression was increased in glioma tissues as well as in U87 and U251 cell lines. Overexpression of RUNX1 promoted cell proliferation, migration and invasion, and inhibited cell apoptosis, while RUNX1 knockdown showed opposite effects, suggesting that RUNX1 functions as an oncogene in glioma cells. Our results showed that miR-139 overexpression inhibited RUNX1 protein expression. MiR-139 and RUNX1 co-overexpression significantly reversed the inhibition effect induced by up regulating miR-139 alone, revealing that miR-139 inhibits the malignant behavior of glioma cells by inhibiting RUNX1 expression.
AEG-1 was first identified and cloned as a novel gene induced in primary human fetal astrocytes after infection with human immunodeficiency virus-1. 33 Numerous recent studies have shown that AEG-1 is up-regulated in various tumor types [34] [35] [36] [37] [38] and is overexpressed in more than 95% of human gliomas. 39 AEG-1 functions as an oncogene via multiple signaling pathways, such as Wnt/β-catenin, 40 PI3K/Akt, 41 and NF-κB. 42 Overexpression of AEG-1 is closely related to cancer progression, including oncogenesis, proliferation, invasion, metastasis, and chemoresistance. [43] [44] [45] In this study, we found that AEG-1 is involved in a RUNX1-induced oncogenic effect in glioma cells. Overexpression of RUNX1 could increase AEG-1 expression. Luciferase and ChIP assays showed that RUNX1 increased promoter activity and bound to the promoter region of AEG-1, indicating that AEG1 was involved in RUNX1 regulation in glioma cells.
Recent work has indicated that lncRNAs may be regulated by several key transcription factors. For example, MYC has been implicated in cancer cell proliferation and tumorigenesis by targeting the lncRNAs CDKN1A, and CDKN2B. 46 The transcription factor c-myc promotes colon cancer cell proliferation and invasion by activating the lncRNA CCAT1. 47 The lncRNA ERIC is regulated by transcription factor E2F and modulates cellular responses to DNA damage. 48 This study showed that the transcription factor RUNX1 may regulate the expression of the lncRNA HCP5. Overexpression of RUNX1 significantly increased HCP5 expression, while knockdown of RUNX1 led to a sharp decrease of HCP5. Luciferase and ChIP assays also indicated that RUNX1 binds to the promoter region of HCP5 and up-regulates promoter activities. There is a positive feedback loop between RUNX1 and HCP5, in which the HCP5 downregulation decreased the expression of transcription factor RUNX1 by targeting miR-139, whereas up-regulated RUNX1 promoted HCP5 expression. Other reports have shown similar mechanisms in which the lncRNA H19 up-regulates expression of the transcription factor Slug in the pancreatic cancer cell line Panc-1. Slug can also activate H19 promoter to up-regulate H19 expression. 49 The results of this study may support the existence of a positive feedback loop between lncRNAs and transcription factors, and the loop may play a key role in regulating the malignant behavior of glioma cells. The mechanism underlying tumor suppression of glioma cells by HCP5 knockdown is schematically presented in see Supplementary Figure S2 .
In conclusion, this study highlights the importance of interactions among lncRNA HCP5, microRNA-139, and transcription factor RUNX1 in regulating the malignant behavior of glioma cells. HCP5 down-regulated miR-139 to up-regulate RUNX1. RUNX1 promoted AEG-1 expression, which was involved in a series of oncogenic effects in glioma cells. RUNX1 also up-regulated HCP5 expression, which formed a positive feedback loop. Thus, HCP5/ miR-139/RUNX1 may be used as potential therapeutic targets for treating GBM.
MATERIALS AND METHODS
Clinical specimens. Glioma samples and human brain tissues were obtained from the Department of Neurosurgery at Shengjing Hospital of China Medical University. All patients signed an informed consent form before surgery, and approval of the Institutional Research Ethics Committee was obtained. All specimens were immediately frozen in liquid nitrogen after surgical resection. According to the WHO classification of tumors in the central nervous system (2007), glioma tissues were divided into three groups: Grade I-II (n = 5), Grade III (n = 5), and Grade IV (n = 5). Human NBTs obtained from epilepsy and brain trauma cases were used as negative controls (n = 5).
Cell culture. Human glioma cell lines (U251 and U87) were obtained from the Chinese Academy of Medical Sciences (Beijing, China) and Shanghai Institutes for Biological Sciences Cell Resource Center, respectively. U87 cells were cultured in high glucose Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Carlsbad, CA). U251 cells were cultured in Dulbecco's modified eagle Cell transfection. The short hairpin RNA against human HCP5 gene was reconstructed in a pGPU6/Neo vector (HCP5 (−); GenePharma, Shanghai, China), and its empty vector was used as a negative control (NC) (HCP5(−) NC). Human full-length RUNX1 gene was ligated into a pGCMV/MCS/ Neo vector (RUNX1(+)), and its empty vector was used as negative control (RUNX1(+)NC). The short hairpin RNA of RUNX1 was constructed into a pGPU6/Neo vector (RUNX1(−); GenePharma), and a NC was synthesized (RUNX1(−)NC; GenePharma). Glioma cells were seeded in 24-well plates and transfected using Lipo3,000 reagent and Opti-MEM I (Life Technologies) when the confluence reached at ~70%. Vectors were used at a concentration of 500 ng/µl according to the manufacturer's instructions. Geneticin (G418, Invitrogen, Carlsbad, CA) was used to construct stable cell lines, and transfection efficacy was evaluated by qRT-PCR. Agomir-139, agomir-139NC, antagomir-139 and negative control of antagomir (antagomir-139NC;GenePharma) were transiently transfected into U87 and U251 cells, which stably transfected HCP5 or RUNX1 according to the manufacturer's instructions, at a concentration of 500 ng/µl. Cells were harvested 48 hours after transfection.
Cell proliferation assay. U87 and U251 cells were seeded in 96-well plates at a density of 2,000 cells per well and assayed 48 hours after transfection. A CCK8 (Beyotime Institute of Biotechnology, Jiangsu, China) solution was added into each well (20 μl), and five replicate wells were used for each group. All cells were incubated for another 2 hours at 37°C. Absorbance was measured at 450 nm.
Cell migration and invasion assay. For cell migration, U87 and U251 cells were resuspended in 100 μl serum-free medium at a density of 2 × 10 5 cells/ml and assayed in 24-well Transwell chambers with an 8 μm pore size polycarbonate membrane (Corning, NY). After incubation at 37°C for 24 hours, cells on the upper surface of the membrane were mechanically removed. The cell invasion assay procedure was similar to the migration assay. The upper chamber was precoated with a 500 ng/µl matrigel solution (BD Biosciences, Franklin Lakes, NJ). Cells that migrated or invaded on the lower surface of the membrane were fixed with methanol and glacial acetic acid at a ratio of 3:1 and stained with 20% Giemsa. Stained cells were randomly counted in five random fields of each chamber.
Quantification of apoptosis by flow cytometry. Apoptosis was detected by staining with Annexin V-APC/7-AAD (BD Biosciences) according to the manufacturer's instructions. Cells were washed twice with cold phosphate-buffered saline and resuspended in binding buffer at a concentration of 1 × 10 6 cells/ml. Bioinformatics prediction and luciferase reporter assay. Potential HCP5 miR-139 binding sites predicted by computer-aided algorithms were obtained from the bioinformatics tool Starbase (http://starbase.sysu.edu. cn/). Target Scan (http://www.targetscan.org/)was used to predict common targets of miR-139. Briefly, the binding site was amplified by PCR, synthesized and cloned into the pmirGLO dual-luciferase vector (Promega, Madison, WI). Vectors were transfected into U87 and U251 cells seeded in 96-well plates when confluence reached 60-70%. Relative luciferase activities were measured and expressed as the ratio of firefly luciferase activity to renilla luciferase activity. Promoter activities were measured to determine responsive RUNX1-binding sites in human AEG-1 or HCP5 promoters using a dual-luciferase reporter assay system. Human AEG-1 or HCP5 promoter and its fragments were amplified from human genomic DNA, and then subcloned into pGL3-Basic vector (Promega). Human full-length RUNX1 was constructed into pEX3 vector (GenePharma). Firefly luciferase activity was normalized to renilla luciferase activity for each individual analysis.
Pull-down assay with biotinylated miR-139. Biotinylated miR-139, miR-139-Mut, and negative control of miR-139(GenePharma) were transfected into U87 and U251 cells. At 48 hours after transfection, cells were harvested and lyzed. Samples (50 μl) were aliquoted for input. Dynabeads M-280 Streptavidin (Invitrogen) was used to incubate the remaining samples according to the manufacturer's protocol. Beads were washed and treated in RNase-free solutions, then incubated with equal volumes of biotinylated miR-139 for 15 minutes at room temperature using gentle rotation. Beads with the immobilized miR-139 fragment were incubated in 10 mmol/l ethylenediaminetetraacetate, pH 8.2 with 95% formamide for 5 minutes at 65°C. RNAs were purified and assayed by qRT-PCR.
Chromatin immunoprecipitation assay. The ChIP assay was performed using the Simple Chip Enzymatic Chromatin IP kit (Cell Signaling Technology, Danvers, MA) according to the manufacturer's instructions. Cells were cross-linked with 1% formaldehyde for 10 minutes and quenched by adding glycine. Cells were then lysed with cold buffer containing phenylmethyl sulfonylfluoride and resuspended with cold phosphatebuffered saline. Chromatin was digested by micrococcal nuclease. Lysates (2%) were used as an input reference. Other immunoprecipitation samples were incubated with normal rabbit IgG or anti-RUNX1 antibodies at 4°C with rotation. Protein G agarose beads were used to capture the chromatinimmune complex, and beads were washed with low salt chip buffer and high salt chip buffer. DNA crosslinks were reversed by 5 mol/l NaCl and proteinase K at 65°C for 2 hours. DNA was purified and amplified by PCR.
Tumor xenografts in nude mice. Stable, expressing cells were used for the in vivo study. An miR-139 overexpression plasmid and pEGFP-miR-139-mimic sponge was transfected into HCP5(−) stable transfected cells using Lipo3,000 and selected by culture medium containing 10 mg/ ml G418. Experiments were divided into five groups: control, HCP5 ( Statistical analysis. GraphPad Prism v5.01 (GraphPad Software, La Jolla, CA) software was used for statistical analysis. All data are presented as the mean ± SD from at least three independent replicates. Statistical analysis of data was performed using the Student's t-test. Differences were considered to be statistically significant when P < 0.05. Figure S1 . The minimum free energy of the interaction between HCP5 and miR-139 was calculated in silico method. Figure S2 . The schematic cartoon of the mechanism of HCP5-miR-139-RUNX1 feedback loop in U87 and U251 cells.
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